Abstract: Investigations on the wetting, solubility and chemical composition of plasma polymer thin films provide an insight into the feasibility of implementing these polymeric materials in organic electronics, particularly where wet solution processing is involved. In this study, thin films were prepared from 1-isopropyl-4-methyl-1,4-cyclohexadiene (γ-Terpinene) using radio frequency (RF) plasma polymerization. FTIR showed the polymers to be structurally dissimilar to the original monomer and highly cross-linked, where the loss of original functional groups and the degree of cross-linking increased with deposition power. The polymer surfaces were hydrocarbon-rich, with oxygen present in the form of O-H and C=O functional groups. The oxygen content decreased with deposition power, with films becoming more hydrophobic and, thus, less wettable. The advancing and receding contact angles were investigated, and the water advancing contact angle was found to increase from 63.14° to 73.53° for thin films prepared with an RF power of 10 W to 75 W. The wetting envelopes for the surfaces were constructed to enable the prediction of the surfaces' wettability for other solvents. The effect of roughness on the wetting behaviour of the films was insignificant. The polymers were determined to resist solubilization in solvents commonly used in the deposition of organic semiconducting layers, including chloroform and chlorobenzene, with higher stability observed in films fabricated at higher RF power.
Introduction
Organic thin film materials have many potential and implemented applications, from biocompatible and antifouling coatings in medical devices to protective coatings, waveguides and component materials in optoelectronic devices, such as flexible organic electroluminescent devices (OLED), organic photovoltaics (OPV) and organic thin film transistors (OTFT) [1] [2] [3] [4] [5] [6] . The motivation for using organic materials stems from their chemical versatility, low cost, low temperature fabrication and ability for reel-to-reel printing, as well as mechanical flexibility [1] . The attractive synthetic and processing flexibility of organic materials allows for fine tuning of their properties to achieve a desired combination of optoelectronic, physicochemical, mechanical and biological characteristics, and controlling the manner in which these materials interact with relevant liquids [7] . The latter is an important aspect for optoelectronics and biomedical applications alike. Solution processing of electronic circuits demands dielectric interlayer stability in organic solvents and strong interfacial adhesion, while the susceptibility of the coating to the uptake of moisture is critical for OPV encapsulation applications. Surface wetting by physiological fluids is a key determinant of biocompatibility and degradation under in vitro and in vivo conditions [1, 8] . The surface-solvent kinetics and ensuing degradation of organic materials under aqueous conditions is an important consideration for biodegradable and compostable electronics, where it would affect both operational performance and the physical transience of the device [9] .
One of the key predictors of surface-solvent interactions, the wetting behaviour at polymer surfaces and interfaces, is dependent on the nature of the variable length of polymer chains, density fluctuations and the relatively slow motion of the long chain molecules [10] . Contact angle (CA) analysis is typically used to obtain primary data from which the degree of wettability for a specific solid-liquid combination can be inferred [7, 11] , with lower CAs indicating better wetting compared to larger CAs. This analysis also provides indirect information about the structure of the film matrix, where observed changes to θ at the liquid/solid interface are attributed to specific solid-liquid interaction mechanisms, such as absorption, spreading and swelling [12] . Fundamentally, wettability is affected by the chemical composition, topography, rigidity and homogeneity of the surfaces. The chemical composition of the surface determines its surface energy: whereas surfaces rich in non-polar groups (e.g., -CH x , with x = 1-3) have low surface energies and, thus, are hydrophobic, surfaces with a high density of polar groups (e.g., -OH or -C=O) exhibit high surface energies and are hydrophilic [13] . With regard to surface topography, an increase in the surface roughness enhances the surface hydrophilicity of hydrophilic materials and hydrophobicity in the case of hydrophobic surfaces [14] . The micro-and nano-scale variations in the slope on the surface are believed to create physical barriers that directly affect the motion of the contact line, thus affecting CAs observed at the macro scale. In a similar way, distinct domains of chemically heterogeneous surfaces, e.g., those with higher hydrophobicity, are thought to interfere with the motion of the contact angle by hindering the advancement or contraction of the water front and, thus, increasing or decreasing the observed CA. Several models propose a relationship between the measured CAs of a given non-ideal surface and its flat, homogenous component in plants using many quantitative analysis methods [29, 30] , it had not been studied extensively as the main topic compound [31] . However, recent investigations of γ-Terpinene revealed that the optical properties of the fabricated plasma-polymerized γ-Terpinene (pp-GT) thin films are promising, with transparency to the optical wavelengths and refractive index of 1.57-1.58 (at 500 nm) [26] . It is reported that these polymers possess an optical band gap (E g ) of ~3 eV that falls into the insulating E g region. Independent of deposition conditions, the surfaces are smooth and defect-free, with uniformly distributed morphological features and average roughness well below 0.30 nm [26] . The optical and surface characteristics suggest that the pp-GT thin films have the potential to be implemented in optoelectronic and insulating applications. This paper focuses on the wetting, solubility and chemical characteristics of these films and the compatibility of the material with solvents typically utilized in the manufacturing of organic electronic devices, with the intention to use these films in OPVs, especially as encapsulation coatings and insulating layers in flexible electronics.
Experimental Section

Preparation of Thin Films
Thin film samples were deposited on high quality glass microscope slides using a custom-made RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055 m (volume of 0.0035 m 3 ).
RF power is delivered to the system via an ENI RF generator at 13.56 MHz through a matching network and capacitively coupled copper electrodes. The copper electrodes were placed 0.11 m from the monomer inlet and 0.1 m apart, with the active electrode closest to the monomer inlet. The electrode configuration used was based on the uniformity of the RF discharge it produced and the corresponding uniformity of resulting thin films for the particular reaction chamber utilized throughout this work. Prior to deposition, the substrates were thoroughly washed in extran, cleaned ultrasonically in water, rinsed in isopropanol and distilled water, air dried and placed in the reaction chamber. For each deposition, 5 mL of γ-Terpinene (GT) monomer was used. The chamber was evacuated to a pressure of ~100 mTorr, at which stage the monomer inlet was opened to allow the monomer to evaporate. Argon gas was then used to flush the chamber for 1 min at a pressure of 1000 mTorr to remove residual background gas and ensure an oxygen-free surface. The chamber was then evacuated to 100 mTorr, at which stage the monomer inlet was closed, and RF glow (10, 25, 50 and 75 W) was initiated. The monomer-free plasma state was maintained for 2 min to stabilize the pressure, as well as to etch potential residual contaminants from the surface of the substrate. Once the pressure had reached 150 mTorr, the monomer inlet was opened, beginning the deposition. The flow rate was controlled via a vacuum stopcock and was estimated to be 1.57 cm 3 /min by employing the procedure outlined by Gengenbach and Griesser [32] . Following the aforementioned experimental procedure, plasma polymer thin films were fabricated from γ-Terpinene (GT) monomer (Figure 1 ) at various RF power levels (10, 25, 50 and 75 W) and an ambient temperature of 20 °C. pp-GT thin-films were examined over the wavelength range 190-1000 nm using a variable angle spectroscopic ellipsometer (model M-2000, J.A. Woollam Co., Inc., Lincoln, NE, USA). Ellipsometric parameters Ψ and Δ were obtained at three different angles of incidence, φ = 55°, 60° and 65°. In addition, the transmission data were also collected. Ψ and Δ were used to derive the optical constants based on a multilayer model consisting of a previously modelled substrate and Cauchy layer built in the J.A. Woollam Inc. analysis software (WVASE32) [33] via regression analysis. The quality of the fit was measured quantitatively by determining the mean-squared error and through the use of the correlation matrix. Gaussian oscillators were employed within the model to provide an optimal fit of the data, with a lower mean square error and lower average correlation between fitting terms. A more detailed review of the procedure has been reported elsewhere [34] . Samples for Fourier transform infrared (FTIR) and CA measurements were deposited for 30 min to obtain films of ~700 nm thickness. Depositions were performed for 45 min to obtain films of ~1 μm for atomic force microscope (AFM) measurements. 
Chemical Characterization
FTIR spectroscopy was carried out for the chemical characterization of the γ-Terpinene monomer and the pp-GT thin films using a Perkin Elmer Spectrum 100 FTIR spectrometer. Spectra were obtained in transmission mode in the region of 4000-500 cm −1 , where 32 scans were acquired for each sample at a resolution of 1 cm −1 . Contributions from CO 2 and H 2 O were eliminated from the spectra by a background subtraction procedure, where the background was pre-recorded under the same atmospheric conditions. The surface chemistry of the deposited samples was further analysed by XPS on a SPECS SAGE XPS system equipped with a Phoibos 150 hemispherical analyser and an MCD-9 detector. The background pressure was held at 2 × 10 −6 Pa during experiments. For wide scan spectra and high resolution scans of the C 1s peak, an Mg Ka X-ray source was used (hv = 1253.6 eV), operated at 10 kV and 20 mA (200 W). Measurements were performed with a pass energy of 100 eV, and 0.5 eV energy steps were used for wide scan spectra, while 20 eV pass energy and 0.1 eV energy steps were used for high resolution scans. Spectra were analysed using CasaXPS (Case Software Ltd, Teignmouth, UK). Synthetic peaks were fitted to the C 1s envelops following the methodology of Beamson and Briggs [36] with the spectra correction for charging effects during analysis using a reference value of 285 eV, the binding energy of the C-C component from neutral hydrocarbon [37] . The analysis area was circular with a diameter of 5mm, and spectra were acquired at a take-off angle of 90°.The full width at half maximum (FWHM) of the C 1s synthetic peaks remained constant at 1.5 eV.
Contact Angle (CA) Measurements
Static and dynamic CAs (using water, diiodomethane (DIM) and ethylene glycol (EG) as probing liquids) of pp-GT thin films are measured. Static CAs are commonly used in calculations of surface tension parameters. However, they may not provide a reliable description of a non-ideal surface, i.e., that is chemically and/or morphologically heterogeneous. Plasma-modified and plasma-polymerized surfaces are often characterized by both chemical and morphological heterogeneity [38] . Non-ideal surfaces typically display hysteresis, which can be estimated by measuring advancing and receding CAs.
CA measurements were performed using a KSV 101 system and a micrometre syringe with a narrow diameter stainless steel needle. The static CA was measured by the sessile drop method, whereby a drop of probing liquid was gently placed onto the thin film surface. The apex of each drop was confirmed using a CCD camera prior to each measurement to ensure consistency in drop volume (8 μL) . The evolution of the CA (θ, the angle between the baseline of the drop and the tangent at the drop boundary), the droplet volume (V, μL), the droplet surface area (A, mm 2 ), the droplet height (h, mm) and the droplet basal diameter (2r, mm) were monitored using a software-assisted image-processing procedure. The reported values are an average of a minimum of seven measurements taken for each examined surface. Advancing and receding contact angles were measured using the dynamic sessile drop technique. First, a sessile drop of probe liquid of known volume was placed on the surface of the sample, ensuring that the needle remained in the drop during the measurement to avoid undesired vibration. The drop was then modified by slowly adding volume, with the advancing angle estimated as the largest contact angle possible without increasing its solid/liquid interfacial area. The receding angle was estimated as the minimum possible angle that can be achieved by slowly removing the probe liquid from the drop without decreasing the drop's contact area. Both the advancing and receding angle were estimated as the average of the angles on both sides of the drop profile. Contact angle hysteresis (CAH) was estimated as the difference between the advancing and receding angle.
The presence of the needle is known to distort the contour line of the drop, due to the interactions between the surface of the needle and the liquid with the drop. The distortion of the drop shape is more prominent in the case of receding angles, where the needle's receding angle tends to pull the drop up around the needle. This distortion may result in significant errors [39] .
Surface Free Energy Analysis
There are several widely applied approaches for the determination of the solid surface free energy and its components from CA measurements [40] . Most theories of solid surface energy have a basis in Young's equation that employs the equilibrium CA, where the solid is considered close to ideal. The ideal surface is one that is chemically and morphologically homogenous, and thus, CAH is assumed to be absent or negligible.
For the non-ideal surfaces that are chemically and morphologically inhomogeneous, with a measurable, substantial CAH, the apparent surface free energy γ SV and other interfacial interaction parameters, adhesive film tension Π, work of adhesion W A and work of spreading W S , can be derived from the CAH approach developed by Chibowski [41] with only three measurable quantities: the surface tension of the probe liquid γ LV and its advancing θ A and receding θ R CA hysteresis (CAH = θ A − θ R ). The solid surface free energy γ SF can be expressed by the following relation [41] :
The apparent, total surface free energy of a solid γ SV (≈ γ SF ) can be expressed as [41] :
CAH can be related to the work of spreading W S of liquid on the polymer surface. W S is a thermodynamic quantity that relates the wettability to the mechanical strength of adhesion. It enables one to characterize the competition between solid-liquid adhesions with different liquids [40] . W S can be easily calculated from the work of adhesion W A and the work of cohesion W C :
where W A = γ LV (1 + cosθ A ) and W C = 2γ LV [40] . For surfaces that are chemically heterogeneous, but very smooth, the experimentally observed advancing CA θ A might be expected to be a good approximation of Young's CA θ Y , whereas the experimental receding angle, θ R , is expected to have less reproducibility, due to liquid sorption or solid swelling [39] . With the assumption of θ A = θ Y = θ, the surface free energy can be calculated by means of the van Oss' adaptation of Young's theory [42, 43] . The quantitative determination of all of the surface thermodynamic properties of the polymer coatings was performed using the Young-Dupré equation [43] : The interface interaction of the polymer and the solvent is determined from their interfacial tension γ 12 using the following equation [43] :
where ΔG 121 is the free energy change. In the case of two completely miscible substances, where the interfacial tension cannot be measured directly, γ 12 can be calculated using the following equation:
In case of two completely immiscible substances (or any given solid-liquid system), the interfacial tension can be derived directly from the measured contact angle θ:
There are several other methods for obtaining surface tension values; however, the appropriateness of these methods for the probing of particular polymer/solvent combinations remains a subject of debate [44] [45] [46] . Fowkes [47] and Neumann's [44, 48] approaches were chosen in this study to provide a basis for comparison.
Fowkes method is commonly used for the determination of the surface free energy of polymeric materials [49] . Two-phase systems are investigated that contain a substance (solid or liquid) in which only the dispersion interactions appear. Considering such systems, Fowkes determined the surface free energy corresponding to the solid-liquid interface using the following equation [49] :
According to Fowkes [50, 51] , the combination of Equations (8) and (9) yields the formula that enables one to calculate the surface free energy of a solid for which γ S = γ S LW is valid [49] :
If the measuring liquid is a dispersive one (γ L = γ L LW ), Equation (10) simplifies to:
To determine γ S of any solid, the CA for the solid is measured using the dispersion liquid. Then, γ S LW is calculated from Equation (11). Next, the CA (θ p ) is measured using a liquid for which
The γ S AB can be estimated using [49] :
Fowkes method is based on the independence and additivity of the dispersion and polar interactions [49] . On the other hand, Neumann's approach derives the SFT from a purely thermodynamic point of view and, therefore, neglects the molecular origins of SFT [7] . However, this is the only theory that allows the calculations to be done by using just one probing liquid.
The following equation provides a method for calculating the surface energy of a solid from a single CA value [44, 48] :
where β is an experimentally-derived constant (β ≈ 0.0001247) [49] .
Determination of Roughness and Wetting Behaviour of Surfaces
To analyse the effect of surface roughness on the wetting properties of the pp-GT thin films, the polymer was deposited on glass, silicon (Si), silicon dioxide (SiO 2 ) and indium tin oxide (ITO) substrates using RF plasma polymerization at 75 W RF power. The surface morphology and roughness parameters of the films were determined from AFM images acquired on a NT-MDT NTEGRA Prima AFM operating in semi-contact (tapping) mode, using (NSC05, NT-MDT) cantilevers with a spring constant of 11 N/m, a tip radius of curvature of 10 nm, an aspect ratio of 10:1 and a resonance frequency of 150 KHz. 3D interactive visualization and statistical approximation was used to analyse the topographic profiles of the surfaces. Scanning was performed perpendicular to the axis of the cantilever at a rate of typically 1 Hz, with scan areas of 1 μm × 1 μm, 10 μm × 10 μm and 50 μm × 50 μm.
Results and Discussion
Chemical Analysis of pp-GT Films
The monomer, 1-isopropyl-4-methyl-1,4-cyclohexadiene (C 10 H 16 ), belongs to the group of monocyclic Terpinenes commonly designated as monoterpenes. It contains two double bonds in its ring-structure, which are not conjugated (1,4-diene group).
Due to the highly unsaturated nature of cyclohexa-1,4-diene with its 4 sp 2 carbon atoms, γ-Terpinene is considered almost planar. The molecular structure is characterized by one conformationally relevant internal rotation axis (
, which allows for the formation of various conformations (Figure 1 ). Density functional theory (DFT) calculations conducted by Marzec and co-workers led to the identification of three minima on the molecule's potential energy surface [35] . According to the orientation of the C 2 -C 1 -C 7 -H 7 dihedral angle (α), the conformers were named trans, gauche+ and gauche−. The gauche+ (α = 47.5°) and gauche− (α = −47.5°) conformers (C 1 ) are mirror images, while the trans-like (α = 180.0°) conformer has C s symmetry. Since different conformations characterize the amount and type of contact between adjacent atoms or groups, these data are important for defining the macroscopic properties of the material. The IR spectra of the monomer, 1-isopropyl-4-methyl-1,4-cyclohexadiene, and the various pp-GT thin films are shown in Figure 2 . Characteristic IR vibrations are summarized in Table 1 . For the monomer, multiple C-H stretching vibrations were found as a strong signal between 2818 and 2960 cm −1 , whereas the corresponding C-H bending vibrations appeared as broad signals and with weak to medium intensities in the range of 1300 to 1466 cm −1 , confirming the population of various conformers [35] . The stretching vibrations of the C-C bonds were observed in the fingerprint region below 1200 cm −1 . In contrast, no clear stretching vibrations of the C=C bonds could be observed. The data collected was in agreement with some previous publications reporting the interpretation of vibrational spectra of 1-isopropyl-4-methyl-1,4-cyclohexadiene [52, 53] . Comparing the IR spectra for the pp-GT thin films with that of the monomer, it is evident that the number of absorption frequencies in the spectra has reduced significantly upon polymerization, particularly in the fingerprint region of the spectrum (1500 cm −1 and below). Peaks also broadened for the pp-GT thin films, indicating very high degrees of polymerization. This is further supported by the disappearance of the =C-H vibration at 3088 cm −1 .
Electron-generated dissociation of GT monomer (rather than thermally excited or by direct chemical reaction) forces the input RF power to strongly affect the nature of the chemically-reactive species that engage in polymerization and film formation. Considering the bond strengths for 1-isopropyl-4-methyl-1,4-cyclohexadiene, the C-C single bonds are likely to dissociate first to form reactive fragments. Dissociation of higher energy bonds will occur when RF power is increased, and hence, the resultant fragmentation of the precursor molecule and subsequent crosslinking will increase. The double bonds in 1-isopropyl-4-methyl-1,4-cyclohexadiene are likely to undergo saturation through a reaction with these reactive fragments. Furthermore, the temperature of the substrate will also increase as a result of the exposure of the substrate to a large amount of energy. This will result in a reduction in the retention of the original precursor moieties [54] . Vibrational modes: v = stretching, δ = bending, ω = out of plane bending.
A broad absorbance band emerged at 3416 cm −1 (Figure 2 ) in the pp-GT spectrum that is considered to be the O-H stretching vibration of residual water. This is further supported by the absence of a C-O vibration. The infrared band associated with C-H stretching vibrations observed for the monomer also remained for the polymeric films; their intensity broadened, thus suggesting high degrees of cross-linking. Wavenumber, cm
of carbonyl groups (C=O stretch), which were presumably formed from the reactions of radical intermediates with residual molecular oxygen and subsequent decompositions. The peak, however, decreased and eventually almost disappeared with higher RF power, possibly due to increased fragmentations and combinations of the carbon skeleton under these extreme conditions. The presence of C=O bonds in the polymer films obtained at lower powers aligns with the differences in the properties of these materials. In general, polymer materials containing C=O (and -OH) groups are characterized by a high-dielectric constant, because of their high polarizability [56] and lower hydrophobicity. In addition, these polymers are likely to be more unstable (chemically and mechanically) compared to hydrocarbon polymers, as C=O (and -OH) bonds allow increased interactions with polar solvents. The CA investigations in this study revealed that pp-GT films deposited at lower RF power were indeed less stable when in contact with common processing solvents, such as acetone or alcohol. The reduction or complete disappearance of the C=O moiety renders pp-GT more stable. The FTIR findings are consistent with the results of elemental analysis (X-ray photoelectron spectroscopy (XPS)) of pp-GT thin films deposited at various RF power levels. The oxygen content significantly decreased from 11.8% to 2.1%, while the carbon fraction increased from 88.2% to 97.8% with RF deposition power increasing from 10 to 50 W (Table 2 ). This result showed a substantial reduction in magnitude of the H-bonded O-H stretch-related band for pp-GT fabricated under higher RF power conditions. 
Contact Angle and Wettability
A CAH approach provides several parameters listed in Table 3 , useful in quantitative evaluations of water/solid surface interactions. An increase in deposition power resulted in a greater values for the advancing CA and W A and smaller values for the receding CA, CAH, γ SV and W S . The relatively low receding CA reflects higher liquid sorption and/or solid swelling observed in the films fabricated at lower RF power [39] . The relatively low CAH for films fabricated at high RF power may be the result of the lower content of unsaturated double bonds in the pp-GT films and the film being more chemically homogenous [57] . At high RF power, intense fragmentation takes place and a very little amount of the original monomer/oligomeric units get integrated into the film structure. At this condition, the plasma-polymerized film is also highly cross-linked, which prevents the rotational motion of the surface moieties away from the surface towards the bulk of the film. The low CAH for 75-W film is also consistent with the low surface roughness, which, in earlier investigations, was found to decrease with deposition power [26] . CAH increases, as the RF power is decreased, which might be attributed to the higher content of unsaturated double bonds in the pp-GT films and loose cross-linking [57] . Incorporation of many monomer and oligomer units also takes place during this process at low RF power. These may lead to a decrease in the homogenous surface chemical composition and an increase in surface roughness with the decrease in RF power. Dynamic CAs determined using other probing liquids, e.g., DIM and EG, showed similar trends. The surface hydrophobicity/hydrophilicity of the pp-GT films of different RF power levels for different solvents based on the static CA measurements are summarized in Table 4 . Independent of thickness, the application of the pp-GT coating affected the static CA values for all three probing liquid (p < 0.05): water, EG and DIM. According to Olivares-Navarrete et al. [58] a similar phenomenon is observed for Niobium coatings. Significant differences in static CAs were observed in the case of water for pp-GT films fabricated at different RF power. In all other cases, CA values were found in the same range. The static CA data presents important information regarding interactions between the surface and the liquid system. A relatively high rate of change in the water CA signifies the reorientation of functionalities at the solid-solvent interface [59] . From the raw data for EG (Figure 3) , an initial rapid drop in CA was attributed to the absorption of the solvent into the pp-GT thin film. Subsequently, the CA remained relatively stable for the duration of recording. While this rate of change was considered insignificant, the positive ramp suggested the occurrence of the reorientation of functionalities at the interface. For the DIM data, all of the films were stable with time, and the highest CA was found for films fabricated at 75 W. These results indicate that pp-GT is more stable as the RF power is increased, due to an increase in the degree of cross-link density associated with these deposition conditions [7] .
The initial water CAs, θ 0 suggested that pp-GT thin films deposited at higher RF power were more hydrophobic compared to the films fabricated at lower RF power, with CAs of 61.0° (10 W) and 80.7° (75 W). This was attributed to the reduction of hydrophilic moieties at the top surface of the polymer and the decrease in the oxygen content associated with the higher deposition power. 
Investigating the evolution of the droplet profile may also be appropriate and meaningful to determine the wetting behaviour of thin films, especially if supported by considerations accounting for the phenomena involved at the solid/liquid interface [12] . The relationship between CA and the relevant surface phenomena can be simplified by the following general expression:
where each f i (t) is related to one of the n independent phenomena involved (e.g., absorption, spreading, swelling and evaporation of the water drop). The derivative of θ(t) can be used to compute the θ evolution rate and predict the time required to reach the steady-state condition, (Δθ/Δt) ≈ 0.
The phenomena involved at the water droplet-polymer interface can also be profitably investigated by using a suitable image analysis procedure [12] . A reliable description of droplet evolution that depends on two major effects, namely, absorption and spreading, can be determined from a combined trigonometric (detection of θ) and geometric (changes in the droplet shape) approach. The absorption effect can be described as the sinking of the water droplet beneath the contact surface, with decreases in its volume (V) and contact area, but the volume is not affected in case of spreading effect, although it widens the contact area [12] . In this work, the detection of θ and the shape parameters (droplet height h, basal radius r, contact area and droplet volume V) determined by image analysis were used to describe absorption and spreading quantitatively, as well as their correlation with the surface topography of the films.
The evaporation of a sessile droplet can go through four consecutive stages: (i) spreading until the value of static advancing CA is reached; (ii) evaporation proceeds with a constant contact area and decreasing CA, until it reaches the receding value; (iii) evaporation with a constant receding CA and decreasing radius of the contact line; and (iv) evaporation with a decrease of both the radius of the contact line and CA until the droplet disappears. During Stage (i), the evaporation can be neglected [60] . In the present work, the contribution of evaporation to the total water droplet kinetics was examined directly by measuring the CA on pp-GT thin films. For films fabricated at 50 and 75 W, spreading phenomena was found to be in effect until static CA of 69.9° and 78.0° was reached. No significant difference between the water droplet volume values (Table 4) was found throughout the analysis. The effect of evaporation is therefore considered to be negligible for pp-GT thin films fabricated at 50-and 75-W RF power. The same trend was observed in case of poly(ethylene terephthalate) (PET) [12] .
Given the negligible evaporation effects, the CA evolution was considered to be related to changes in the droplet volume and the solid/liquid surface contact area for all pp-GT thin films tested in this work. This would indicate that, at least at the early stages, two different physicochemical phenomena are occurring at the solid/liquid interface: absorption and spreading. At first glance, rather large differences in θ were observed within the first 30 s for the 10-and 25-W polymer thin films, which were confirmed by the data reported in Table 5 and by Figure 4 .
The water droplet profile began to change once the droplet was in contact with the 10-W polymer thin film. Figure 4 shows that over the period of 0-10 s, the perceptible increase in the solid/liquid contact area on the pp-GT film fabricated at 10 W was accompanied by a decrease in volume, possibly because of the spontaneous diffusion of water inside the thin film via absorption. The drop surface area data suggests that, after this early phase, spreading began to take place and contributed to the overall kinetics of the evolution of the droplet profile. Both the absorption and spreading phenomena then continued to contribute, until the end of the 30-s period of analysis. The 25-W pp-GT thin film showed the same phenomena over the 0-10-s period. There was an early interaction of the surface and water that is evident from the increased drop surface area (Figure 4 ). After this early phase, the solid/liquid contact area remained stable for the remainder of the period of analysis. However, a decrease in volume suggests the evaporation phenomenon for that period of analysis. Figure 5 illustrates that curves for the pp-GT thin films fabricated at 10 W and 25 W could not attain a zero-order-rate state at the end of the 30-s analysis. Both absorption and spreading were therefore still occurring at the end of the analysis period at the solid/liquid interface. The water droplet profile of 50-and 75-W polymer thin films did not change substantially during the 30-s analysis, although the difference between θ 0 and θ 30 was statistically significant (p < 0.05) ( Table 4 ). According to the literature, these observations may be due to two factors: (i) the inclination of the water droplet to minimize its surface area when interacting with the polymer surface, which is capable of changing its free energy through the reorientation of certain polymer chains exposed at the solid/air interface [61] ; and (ii) molecular conformation changes. The preferred orientation of functional groups could justify the θ values, as well as the decrease in the drop surface area (Figures 4 and 6) . 
Contact Angle/Image Analysis Combined Approach
To gain information on the main driving forces governing drop evolution on pp-GT thin film surfaces, such as absorption, spreading, swelling and evaporation, and to determine their individual contributions to the overall wetting phenomenon, a combined CA/image analysis approach was adopted that enabled the spherical condition of the dome formed by the droplet at the solid/liquid interface to be assessed.
The shape of the water droplets changed with time, and pp-GT thin film fabricated at 10 W showed the most profound change observed from the CCD camera images. Physicochemical features of 10 W films and the inherent structural flexibility can explain this phenomenon. These two factors are recognized as crucial factors in aggregation on the molecular level [62] . The 10-W pp-GT thin films also showed the largest variations for both spreading and absorption. However, smaller effects were observed for 75-W films, where the evaporation phenomenon was detected, but was almost negligible (ΔA = −0.01 mm 2 ). An indication of this is also provided in Figure 6 , where the experimental heights of the water droplet are displayed.
As noticeable from Figure 6 , the height of the water droplet on pp-GT thin film fabricated at 10 W dropped further and at a faster rate compared to the respective heights of droplets on films fabricated at other RF powers. This may be due to the wider and deeper undulations present in the 10 W film (Figure 7 ) compared to the films fabricated at 25, 50 and 75 W. 2 ) of the pp-GT film fabricated at 10 W.
Effect of Surface Roughness on Wettability
Wetting of a surface by a liquid is influenced by the roughness of that surface [15] . Thin films of pp-GT were deposited at 75-W RF power on topographically-distinct surfaces of glass, Si, SiO 2 and ITO substrates to attain chemically similar, but morphologically different, pp-GT surfaces and, thus, to investigate the influence of roughness on the wetting properties of the material. Surface roughness was characterized by AFM, with the corresponding roughness values shown in Table 6 . After the surface roughness characterization, wetting studies by CA measurements were carried out using the sessile drop technique, as described in the Experimental Section. A CA correlation with surface roughness, as determined by AFM, is evident from these results. The measurement of the water CAs on the pp-GT films deposited on glass and SiO 2 substrates show a virtually constant or a very small increase in the static CA values (Table 6 ), while films deposited on Si and ITO present an increase by 2°-4°. This tendency, even if very small, confirms that the water CAs increase with the surface roughness. As expected from this limited variation in roughness, the variation range in the water CAs reported for pp-GT thin films was very small. The results from this work also show that surface roughness influences the wetting of the pp-GT, even at extremely low R q values. Busscher et al. [63] and Hitchcock et al. [64] reported similar effects of roughness on the wettability of several polymers. The effect of surface roughness on the wettability of pp-GT is therefore needed to be considered for potential applications.
Surface Tension (SFT) Parameters
SFT parameters for pp-GT thin films fabricated at different RF power levels were derived using the Van Oss-Chaudhury-Good (VCG), Fowkes and Neumann approach and are summarized in Table 7 . The CA data obtained for the solvents, together with the widely-used SFT parameters for water, DIM and EG [65] were employed in this study. Most monopolar materials are water soluble [65] and their values of γ − are relatively large. For all pp-GT thin films, γ − was significantly higher than γ + , indicating a monopolar nature. It is possible to use these values of γ − to determine an upper limit above which solubility will occur. Van Oss et al. [66] demonstrated that for a given Solute 1 (monopolar surface 1)-solvent 2 (bipolar) combination, the following equation can provide that limit:
Employing γ 2 LW ≈ 40 mJ/m 2 , it was found that Equation (5) and water indicates the possibility of the penetration of water into the material, leading to repulsion between the molecules or particles and promoting solubilisation [66] . The pp-GT thin films have γ − < 28.31 mJ/m 2 ( Table 6 ). The films are therefore not water soluble. The 75-W film gave the lowest γ − value, indicating that the hydrophobicity of the polymer increased with RF power.
The results obtained using Fowkes approach roughly compare with those obtained via VCG and Neumann's approaches. However, the VCG and Fowkes approaches are expected to be more accurate, as they require more than one CA measurements to determine SFT values. There was some variance in the values obtained using Neumann's approach between different solvents for each polymer film (Table 6) . These values are smaller than those found with VCG approach, with the exception of the values for DIM. The total SFT (γ s ) was found between 41 and 45 mJ·m −2 for all samples investigated using the VCG approach. Values between 43 and 52 mJ·m −2 were found using the Fowkes approach.
This is similar to the value of ≈44 mJ·m −2 for PET obtained by Wu et al. [67] , as well as 42 mJ·m −2 for PMMA. The values are also consistent with those reported for plasma thin films deposited from other secondary plant metabolites, where total SFTs of 45-48, 36-40 and 31-37 mJ·m −2 were found for thin films derived from linalyl acetate [68] , Lavandula angustifolia essential oil [7] and terpinen-4-ol [69] , respectively.
Wetting Behavior
The wettability of each solution on the pp-GT surface can be quantified by computing the spreading parameter ΔW = γ L (cosθ − 1) [70] . It shows the extent to which the liquid will adhere to the surface relative to itself and, hence, indicates the ability of a liquid drop to stick to the solid surface during solution processing [71] .
The pp-GT thin films fabricated at low RF power were characterized by increased wettability (Table 8) . It is also observed that EG and DIM wets the pp-GT surface better than water. At θ = 0° and ΔW = 0, the liquid can adhere well to the surface of the solid, and hence, complete wetting is observed. It is to be noted that the value of the work of spreading, W S determined from the advancing and receding CAs are almost similar to the values of ΔW (calculated in this section), which gives the validation of the investigation. Another important illustration of the wetting behaviour of liquids on the pp-GT thin film surface can be performed from their wetting envelopes. These are the lines of constant equilibrium CA on a plot of the polar fraction (γ L AB ) versus the dispersive fraction (γ L LW ) of the liquid determined from the following equation [68] : Figure 8 demonstrates the degree to which various liquids wet the pp-GT film surfaces fabricated at different RF power if γ L AB and γ L LW are known. It also illustrates the surface properties of ideal liquids for solution processing on the pp-GT thin films. By placing a boundary on the curve at a CA of 0°, complete wetting behavior can be determined. Liquids with surface energy components that lie above the line of θ = 40° will not wet the surfaces of pp-GT films sufficiently to enable suitable film formation from solution processing [71] . The points for water are lying on or between the 60° and 80° contour of the pp-GT wetting envelope, which means that it will not wet a pp-GT film surface, but rather, show a CA between 60° and 80°. This behaviour may be desirable if these films are considered as mechanically-flexible encapsulating coatings for organic electronics. The behaviour of chloroform and chlorobenzene was also examined, as these solvents are commonly used in the deposition of organic semiconducting layers from solution [72] . Both of them are found to lie within the 0° contour, indicating that each solvent will wet the pp-GT surface completely. If complete wetting of the surface by solution processing is needed for a specific application, both of these solvents would be appropriate in conjunction with the pp-GT thin film surface. 
The Interfacial Tension and Solubility
The SFT parameters obtained using the VCG, Fowkes and Neumann's approach were used to calculate the interfacial tension between the solid and liquid given by Equations (7) and (8) . The solubility of the solid (ΔG 121 ) in that liquid was then determined by incorporating interfacial tension values into Equation 6 . Results using Equations (6)- (8) are presented in Table 9 .
For ΔG 121 >> 0, the polymer is solvophilic for the solvent; for ΔG 121 << 0, the polymer is solvophobic for the solvent; for ΔG 121 ≈ 0, the polymer is partially dissolved in the solvent. The values obtained (Table 9) indicate that the pp-GT polymer is solvophobic, and the strongest solvophobic response was found to be assigned to water, which is expected, as the CA values for water are found to be the most stable. The absence of negative γ SL and γ 12 values for the solvents investigated ( Table 9 ), indicates that pp-GT is insoluble in the three liquids. ΔG 121 values increased in magnitude with increasing RF power for all of the probe liquids, except DIM. This shows a less soluble behaviour for water and EG. However, measurements using DIM indicate swelling or partial dissolution of pp-GT thin films. According to the wetting envelopes for pp-GT thin films, the CAs for several important organic solvents typically used in organic electronics, e.g., chloroform and chlorobenzene, will be too low to be determined experimentally. Therefore, the parameter θ S is assumed to be 0° for the purpose of calculating the solubility values for these solvents. These values were found to be strongly negative, indicating that the pp-GT films are insoluble for solvents employed in the processing of organic electronics.
Conclusions
The pp-GT films were successfully prepared and characterized. An FTIR analysis confirmed that exposure to an RF plasma field can effectively initiate the polymerization of the monomer. Some functional groups observed in the monomer were retained during the polymerization process, but the C=O stretching vibration (observed in pp-GT spectra) was not present in the monomer spectrum. An increase in RF power resulted in a reduction of the magnitude of the remaining groups, which was attributed to increased fragmentation and, consequently, polymerization of the monomer. RF power can therefore be an effective tool for the fabrication of polymer thin films with tuned properties.
The pp-GT films exhibited different wetting properties, as indicated by the investigation of CA analysis and wetting envelopes. The trends observed were directed by two main phenomena at the solid/liquid interface, namely absorption and spreading, which affect the overall wetting behaviour. This interpretation of the data was based on the assessment of the geometry of the water droplet placed on the film surfaces. The greatest absorption was detected for 10-W pp-GT films while using water as the solvent. Improved stability was observed for films fabricated at higher RF power with the increased hydrophobicity of the polymer surface, from 61.0° (10 W) to 80.7° (75 W). The polymer demonstrated a strong electron donor component and a negligible electron acceptor component and was therefore monopolar in nature. Wetting curves showed that the samples became more hydrophobic as the deposition energy was increased. Chloroform and chlorobenzene were both found to fall within the 0° boundary, indicating that they would completely wet the surface. Solubility results confirmed that the polymer would resist solubilisation from the solvents investigated.
The wettability and compatibility of pp-GT thin films with solvents utilized in the manufacturing of organic electronic devices has been investigated in this paper. From the wettability studies, it is concluded that pp-GT layers are suitable for encapsulation purpose and also for use in a variety of organic electronic devices requiring solution-processed layers.
